Following the work in graphene, we report a first-principles study of electron-phonon coupling (EPC) in low-buckled (LB) monolayer silicene and germanene. Despite of the similar honeycomb atomic arrangement and linear band dispersion, the EPC matrix-element squares of the Γ-Eg and K-A1 modes in silicene are only about 50% of those in graphene. However, the smaller Fermi velocity in silicene compensates this reduction by providing a larger joint electronic density of states near the Dirac point. We predict that Kohn anomalies associated with these two optical modes are significant in silicene. In addition, the EPC-induced frequency shift and linewidth of the Raman-active Γ-Eg mode in silicene are calculated as a function of doping. The results are comparable to those in graphene, indicating a similar non-adiabatic dynamical origin. In contrast, the EPC in germanene is found to be much reduced.
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The success in fabricating graphene in the laboratory has suggested many opportunities in producing other two-dimensional (2D) materials [1] [2] [3] . Among them, the possibility of creating a monolayer honeycomb lattice made of Si or Ge (namely, silicene or germanene) is of particular interest because of the compatibility with current silicon technology. With the same s 2 p 2 electronic configuration in group-IV elements, silicene and germanene have been predicted to exhibit similar linear band dispersions near the Fermi level [4, 5] . Charge carriers at low energies therein also behave like massless Dirac Fermions. In contrast to the planar structure of graphene, the stable structure for silicene and germanene is low-buckled (LB) due to their larger atomic radius [4] [5] [6] , leading to an electrically tunable band gap [7, 8] and topological phase transition [9] . Recent progresses [10] [11] [12] [13] [14] [15] in the growth of silicene and germanene have paved the way for further studying practical device applications and low-dimensional physics in these systems.
Electron-phonon coupling (EPC) is critical for understanding many phenomena in carbon-based materials, including high field transport [16] , phonon renormalization [17] , Raman spectra [18, 19] , and Kohn anomalies [20, 21] . The Kohn anomaly [22] is an anomalous feature of phonon dispersions in metals and semimetals arising from a strong EPC for specific phonon modes. In graphite and 2D graphene, Kohn anomalies associated with the highest-branch optical Γ-E 2g and K-A ′ 1 modes have been reported [20] . In addition, it has also been demonstrated that the frequency of the Γ-E 2g mode in graphene varies non-adiabatically as a function of doping [23] . Given the increased attention to silicene and germanene, it would be of fundamental interest to see if The band-decomposed charge density distribution of the π (π * ) bands near the Fermi level on the {110} plane in graphene, silicene, and germanene, respectively [24] . The Fermi level is shifted to zero in (a).
these anomalous features in graphene carry over to other 2D systems with a similar honeycomb lattice structure and linear band dispersions at low energies. It is expected that the LB atomic arrangement in silicene and germanene would more or less affect the bonding characteristics between nearest-neighbor (NN) atoms. Consequently, the delicate interplay between electrons and phonons may be significantly modified. Understanding EPC in silicene and germanene from first principles is highly desirable and essential in order to facilitate their further characterization and applications.
In this Letter, we show that there exist two kinks in the phonon dispersions of the LB silicene and germanene, corresponding to the highest-branch optical Γ-E g and K-A 1 modes, respectively, implying Kohn anomalies in silicene and germanene, although the anomaly is much weaker in the latter. A further frozen-phonon calculation found that the EPC matrix-element squares of these two modes in silicene are merely 50% of those in graphene. However, the phonon linewidth of the Γ-E g mode due to the EPC is comparable with that in graphene. This can be explained by the compensating effect of the smaller linear-band slope (i.e., the Fermi velocity v F ) in silicene. In contrast, the EPC matrix elements in germanene are 10 times smaller than those in silicene, indicating a much reduced EPC in this particular 2D system.
Our calculations are performed within density functional theory (DFT) with the local density approximation (LDA). For the phonon calculations we employ density functional perturbation theory (DFPT) [25] as implemented in the Quantum ESPRESSO code [26] . Norm-conserving pseudopotentials [27] for Si and Ge are adopted to describe the core-valence interaction. The wave functions of the valence electrons are expanded in plane waves with a kinetic-energy cutoff of 36 Ry and 40 Ry for silicene and germanene, respectively. A vacuum region of 20Å is introduced to eliminate any artificial interaction between neighboring supercells along the perpendicular direction. The relaxed lattice constants are a 0 = 3.83Å for silicene and 3.95Å for germanene. Accordingly, the NN bond lengths are equal to 2.25Å and 2.37 A, nearly 4.3% and 3.3% smaller than the corresponding values in bulk Si and Ge, respectively. The relaxed buckled separations are ∆ = 0.46Å for silicene and 0.64 A for germanene. These results are in good agreement with previous DFT calculations [5] .
In Fig. 1 (a) we show the calculated band structures of silicene (red) and germanene (blue). The band dispersions of graphene (black) are also shown for comparison. Clearly, the linear bands cross at the Fermi level E F at q = K, indicating a semi-metallic nature for both LB silicene and germanene. By fitting the linear π and π * bands at k = K + k ′ to the expression:
6 m/s for silicene and 0.53×10 6 m/s for germanene, respectively. These values are only 63% of the LDA value of 0.86×10 6 m/s in graphene, consistent with previous plane-wave DFT calculations [28] .
One important feature of silicene and germanene is their LB structure. To see the effects of buckling on the bonding characteristics, Figs. 1(b)-(d) show the charge density distribution for the linear bands from graphene to germanene. In graphene, the carbon s orbital hybridizes with p x and p y atomic orbitals to form sp 2 hybrids. This hybridization leads to a strong σ bonding between NN carbon atoms and keeps them in a plane. The perpendicular p z orbitals gives rise to π and π * bands, as shown in Fig. 1(b) . As the bond length between two NN atoms increases, the sp 2 orbitals become weaker and the σ bonds are not strong enough to keep Si or Ge atoms in the same plane, leading to a low-buckled structure. One sublattice moves upward by ∆/2, while the other moves downward by ∆/2, with ∆ = 0.46 and 0.64Å for silicene and germanene, respectively. This buckling brings part of the p z orbital closer to neighboring sp 2 orbitals, creating further hybridization in silicene and germanene, as shown in Figs. 1(c) and (d), respectively. As will be discussed below, these bonding characteristics significantly affect EPC in silicene and germanene compared to graphene. Now we turn to the phonon properties in these systems. The calculated phonon dispersions of silicene and germanene are shown in Figs. 2(a) and (d) , respectively. Due to the buckling, the point group symmetry of silicene and germanene is reduced to D 3d . The highest optical mode at Γ belongs to a doubly degenerate E g mode with a frequency of ω Γ = 562 cm −1 for silicene and 303 cm −1
for germanene. The E g mode in silicene is Raman active, nearly 50 cm −1 higher than the highest optical mode (510 cm −1 in LDA) in bulk silicon. At the BZ corner q = K, the highest optical mode belongs to the representation of A 1 , with a frequency of ω K = 506 cm −1 for silicene and 267 cm −1 for germanene. These results are listed in Table 1 .
The nonanalytic behavior of the phonon dispersion at Γ and K can be examined by varying the fictitious electronic smearing temperature σ in the direct DFPT phonon calculations [20] . The smearing temperature σ alters the occupation of the electronic states near the Fermi level, and the discontinuities can be obtained by taking the limit σ → 0. Figs. 2(b) -(c) and 2(e)-(f) show the evolution of the dispersions near Γ-E g and K-A 1 modes for silicene and germanene, respectively. The results for σ = 0.01 Ry and σ = 0.005 Ry are similar, providing a proper σ → 0 limit on the scale of the figure. As shown in Fig. 2 , these discontinuities in the frequency derivative are smoothed out and disappear quickly with increasing σ. It is thus confirmed that these discontinuities result from an anomalous screening of the electrons around the Fermi energy, with the visible kinks in these dispersions at Γ and K corresponding to Kohn anomalies for both the E g and A 1 modes.
Comparing the phonon dispersions in Fig. 2 with those for graphene [20] , we see that the range of frequency variation (∼ 6 cm −1 for silicene and ∼ 2 cm −1 for germanene at Γ) when the smearing parameter is changed is significantly smaller than that in graphene (∼ 40 cm −1 ), implying a much weaker EPC in silicene and germanene. To make a quantitative comparison, we have calculated the EPC matrix elements for these optical modes. The EPC matrix element is given by
where δV scf ≡ V scf (u ν q ) − V scf (0) is the variation of the self-consistent potential due to the perturbation of a phonon displacement with wave vector q, frequency ω, We first compare the square of the EPC matrix elements in silicene with those in graphene. Since at k = K, the electronic states are doubly degenerate, we calculate the average EPC matrix-element square over the Fermi surface defined as g 2 q F = π i,j |g (K+q)i,Kj | 2 /4 with q = Γ or K, where the sum is performed over the two degenerate π bands at E F . The results are summarized in Table 1 . As shown by Piscanec et al. [20] , the strength of the Kohn anomalies in graphene is linearly proportional to this average. In silicene, the calculated values are g . These values are roughly about 50% smaller than those in graphene (0.0986 eV 2 and 0.0401 eV 2 , respectively [29] ). The smaller EPC matrix-element squares indicate weaker Kohn anomalies, consistent with the direct phonon calculations as discussed above. Surprisingly, the calculated EPC matrix-element square in germanene is nearly 10 times smaller than that in silicene, implying a negligible EPC in germanene. These differences in the EPC matrix elements reflect the distinct bonding characteristic in graphene, silicene and germanene. An interesting finding is that in both silicene and germanene the ratio
is slightly smaller than the value of 2.05 in graphene. (A tight-binding model with NN interaction yields an exact ratio of 2 [20] .) In the following, we focus on the electron-phonon interaction as a function of doping in silicene. Since the Γ-E g mode in silicene is Raman active, the phonon frequency shift and the broadening as a function of the doping level can be measured by Raman spectroscopy. We start from the self-energy Π qν (ω) of a phonon with wave vector q, branch index ν, and frequency ω qν . This quantity provides the renormalization and damping of the specific phonon due to the interaction with other elementary excitations. This method has been applied to study the optical phonon anomaly in bilayer graphene at ultrahigh doping levels [31] . Within the Migdal approximation, the self-energy induced by the EPC can be expressed as [32] :
where ǫ nk is the energy of an electronic state |nk with crystal momentum k and band index n, f (ǫ nk ) the corresponding Fermi occupation, and η a positive infinitesimal. For a given mode ω = ω 0 , the phonon linewidth is γ = −2 Im(Π qν (ω 0 )) and the phonon frequency shift is ∆ω = [Re(Π qν (ω 0 )| EF − Π qν (ω 0 )| EF =0 )]/ . We have carried out DFT calculations on a dense 201×201 k-grid within a minizone (0.2×0.2) enclosing the BZ corner K in the reciprocal space. This is equivalent to 1000×1000 k-grid sampling in the whole Brillouin zone. By changing the Fermi level E F , we can investigate the dependence of γ and ∆ω on the doping level, assuming that the EPC matrix elements are unchanged. For all the linewidths calculated below, we used a parameter η = 5 meV. Fig. 3 shows the calculated linewidth γ (left axis) of the Γ-E g mode as a function of the Fermi level E F . In the low doping regime with |E F | < ω 0 /2 ∼ 35 meV, the E g mode can have a resonant coupling with the electronhole pair from the the valence and conduction bands. As a result, γ ∼ 13.5 cm −1 , a constant within this doping range. Surprisingly, the linewidth of silicene is slightly larger than that in graphene in spite of the relatively smaller EPC matrix element. This is mainly due to the different slopes of the linear bands between graphene and silicene. Fig. 4 schematically illustrates this effect. When the band is steeper, fewer states in the k space satisfying the energy conservation will be allowed to couple with the phonon mode. In contrast, when the band is flatter, more electronic states will satisfy the energy conservation condition, giving rise to a large contribution to the phonon linewidth.
In bulk silicon, the first order Raman peak is at 520 cm −1 , with a linewidth of γ = 4.6 cm −1 [33] . This is mainly due to the anharmonicity effect [34] , implying weak EPC. In contrast, the Raman active mode in silicene is at 562 cm −1 , nearly 40 cm −1 higher than the experimental value in bulk. This is understandable, since in silicene, due to the reduced dimensionality, the Si-Si bond length of 2.25Å is about 4.2% smaller than that in bulk silicon. A significant change on the phonon frequency is therefore expected. Moreover, the linewidth of the E g mode in silicene is about 13.5 cm −1 , implying a much enhanced EPC in silicene due to the reduced dimensionality.
The corresponding frequency shift ∆ω is also presented in Fig. 3 (right axis) . With the increase of |E F |, the E g mode slightly softens and reaches the singularity at |E F | = ω 0 /2 for both electron and hole dopings. Further increase of |E F | results in a hardening of the mode frequency. In particular, ∆ω increases almost linearly as |E F | ≫ ω 0 /2. These results indicate that similar Raman features observed in graphene [19] may also be observable in silicene.
In summary, we have shown that low-buckled silicene and germanene exhibit distinct electron-phonon coupling compared to graphene. Although the EPC matrix elements in silicene are much smaller than those in graphene, the smaller slope of the linear bands compensates this effect, leading to a comparable phonon linewidth of the Γ-E g mode as in graphene. Our finding implies that Raman spectroscopy may also serve as a power tool in silicene research. Furthermore, we have identified possible Kohn anomalies associated with Γ-E g
